Interventions that enhance plasminogen activation within the lung consistently limit the fibrosis that follows alveolar injury. However, this protective effect cannot be attributed solely to accelerated clearance of fibrin that forms as a provisional matrix after lung injury. To explore other mechanisms, we considered interactions between the plasminogen activation system and hepatocyte growth factor (HGF). HGF is known to have antifibrotic activity, but to do so, it must be both released from its sites of sequestration within extracellular matrix (ECM) and activated by proteolytic cleavage. A recent study using bleomycin-exposed mice showed that manipulations of the plasminogen activation system influenced the amount of free HGF within bronchoalveolar lavage fluid without affecting total lung HGF mRNA or protein. To elucidate the mechanisms, we studied the role of plasminogen activation in fibroblastmediated HGF release and activation. We found that NIH3T3 and mouse lung fibroblasts release ECM-bound HGF in a plasminogendependent fashion. The plasminogen effect was lost when lung fibroblasts from urokinase-type plasminogen activator (uPA)-deficient mice were used, and was increased by fibroblasts from plasminogen activator inhibitor (PAI)-1-deficient mice. Plasminogen addition to NIH3T3 or mouse lung fibroblasts increased conversion of pro-HGF to its active form. The plasminogen effect on activation was lost when uPA-deficient fibroblasts were used and accentuated by PAI-1-deficient fibroblasts. In conjunction with the previous in vivo study, these results suggest that plasminogen activation can protect the lung against fibrosis by increasing the availability of active HGF.
The lung has a considerable capacity to repair itself after many types of alveolar injury. The repair process involves a wellorchestrated series of events, in which alveolar epithelium and endothelium are restored, debris is cleared, and excessive mesenchymal cells and provisional matrix are removed. Unfortunately, this repair process may become dysfunctional and ineffective, resulting in a fibroproliferative reaction that obliterates lung architecture and replaces it with collagenous scars. The determinants of whether the repair process reconstitutes normal lung tissue or results in pulmonary fibrosis are complex, and multiple inter-and intracellular signaling systems appear to be involved (1) . In an effort to understand these processes for the purpose of developing treatments, we have been investigating two interacting systems that appear to have pivotal roles in lung repair; namely, the plasminogen activation system and hepatocyte growth factor (HGF).
Abundant evidence from human and animal studies demonstrates that the plasminogen activation system is centrally involved in lung repair (reviewed in Ref. 2) . The fibrinolytic activity that is normally present in bronchoalveolar lavage (BAL) fluid is depressed in patients with many types of lung injury due to increased levels of plasminogen activator inhibitors, particularly plasminogen activator inhibitor (PAI)-1 (3-7). The importance of this perturbation has been demonstrated in animal models where suppression of plasminogen activator activity worsens fibrosis, whereas enhanced plasminogen activator activity limits scarring (8) (9) (10) (11) ). An obvious explanation for the link between suppressed fibrinolysis and fibrosis is that successful repair requires the timely removal of the fibrin-rich provision matrix that accumulates after tissue injury. However, the finding that pulmonary fibrosis occurred after bleomycin administration in mice genetically deficient in fibrinogen indicates that fibrin deposition is not required (12, 13) . Although a number of mechanisms may be involved in the plasminogen activation system's effect on lung repair, recent experimental results have led us to consider how this system affects HGF within the lung (14) .
HGF is a polypeptide growth factor that is produced by mesenchymal cells, and acts upon target tissues via the c-met receptor (15) . HGF has particular importance in lung repair due to its ability to stimulate proliferation and migration of alveolar epithelial cells, which are required to resurface denuded alveolar surfaces (reviewed in Ref. 16 ). HGF also counteracts some of the profibrotic effects of transforming growth factor-␤, which, in excess, leads to pulmonary fibrosis (17, 18) . In human diseases and experimental animals, HGF levels are found to be increased in blood and BAL fluid during lung injury/repair (19) (20) (21) . These increases are significant because inhibition of HGF activity in the lung in animal models worsens lung fibrosis (14) . Conversely, interventions designed to increase HGF reduce scarring (22) (23) (24) . For HGF to have its effect on target cells, it must undergo several extracellular processing events (15, 16) . HGF is synthesized and secreted as a latent, single-chain protein. Internal proteolytic cleavage is required to generate the active disulfide-linked dimer. Furthermore, secreted HGF becomes tightly bound to the heparan sulfate moiety of proteoglycans (25) that are abundant in extracellular matrices within the lung (26) . Bound HGF must be released from these sites of sequestration so that it can access the c-met receptor on neighboring target cells (27) .
Direct links between the plasminogen activation system and HGF have become evident through a variety of investigative approaches. In vitro, high concentration of urokinase-type plasminogen activator (uPA) can activate latent, single-chain HGF by cleaving at the appropriate peptide bond in a stoichiometric reaction (28, 29) . Plasmin has been shown to release another growth factor, basic fibroblast growth factor, from the extracellular matrix (ECM), where it binds to heparan sulfate proteoglycans (30) . Plasmin does so by cleaving the core protein of the proteoglycan, thereby releasing fragments containing the glycosaminoglycan to which basic fibroblast growth factor remains noncovalently bound. It is unknown whether plasmin can do the same for HGF.
The likelihood that the plasminogen activation system could influence lung fibrosis through an HGF-related mechanism was further suggested by experiments using bleomycin-induced lung injury in mice. In particular, mice genetically deficient in PAI-1 (PAI-1 Ϫ/Ϫ ) released more HGF into BAL fluid after bleomycin exposure than did wild-type (WT) mice (14) . Total lung HGF mRNA and protein, on the other hand, were not different in the two groups. An inhibitor of plasminogen activation and plasmin activity, tranexamic acid, blocked HGF release (14) and worsened lung fibrosis (12) . Administration of uPA to WT mice after bleomycin also increased HGF in BAL fluid and reduced the development of fibrosis (14) .
Having demonstrated through in vivo experiments the tight association between plasminogen activator activity, HGF BAL fluid levels, and protection from fibrosis (14), we now report the results of in vitro studies that were designed to elucidate the mechanisms by which these in vivo events might occur. We found that fibroblasts activate and release HGF from ECM by a mechanism that is heavily influenced by the plasminogen activation system.
MATERIALS AND METHODS

Materials
L-ascorbic acid, heparin, heparin-agarose, guanidine-HCl, leupeptin, ⑀-aminocaproic acid, PMSF, and aprotinin were purchased from Sigma Chemical Company (St. Louis, MO). Human plasmin and ␣ 2 -antiplasmin were obtained from Calbiochem (La Jolla, CA). Human Glu-plasminogen was purchased from American Diagnostica Inc. (Greenwich, CT). Dulbecco's modified Eagle's media (DMEM) and FBS were purchased from Invitrogen (Carlsbad, CA). Penicillinstreptomycin-amphotericin B mixture was purchased from Cambrex (East Rutherford, NJ). Carrier-free human HGF, neutralizing antihuman HGF antibody, and normal goat IgG were purchased from R&D Systems (Minneapolis, MN). Goat anti-human HGF␣ antibody that was raised against a peptide mapping to the N terminus of human HGF␣ was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). This antibody cross-reacts with murine HGF. Rabbit anti-goat horseradish peroxidase-conjugated antibody was purchased from BioRad (Hercules, CA).
Cells
NIH3T3 cells and Madin Darby canine kidney (MDCK) cells were obtained from the American Type Culture Collection (Rockville, MD) and grown to subconfluence in DMEM supplemented with 10% FBS at 37ЊC in a 5% CO 2 , humidified environment. Subclones of MDCK cells were selected that form tightly aggregated colonies when grown in the absence of HGF. Primary cultures of mouse lung fibroblasts were prepared from three strains of mice. WT C57BL/6 mice were purchased from Charles River Laboratories, Inc. (Portage, MI). PAI-1 Ϫ/Ϫ mice were originally obtained from Dr. Peter Carmeliet (University of Leuven, Leuven, Belgium) and have been back-crossed with C57BL/6 mice for at least eight generations. C57BL/6 mice genetically deficient in uPA (uPA Ϫ/Ϫ ) were purchased from Jackson Laboratories (Bar Harbor, ME). Lung fibroblasts were isolated and cultured by a previously described technique (31) . Briefly, mice were killed by sodium pentobarbital overdose, exsanguinated, and the lungs lavaged with PBS. After removing major airways and pulmonary blood vessels, the lungs were minced with scissors and the pieces placed into 100-cm 2 dishes in DMEM containing 15% FBS and penicillin-streptomycin-amphotericin B. The cells that grew from the tissue fragments were maintained in media at 37ЊC in a 5% CO 2 incubator and were serially passed a total of five times to yield pure populations of lung fibroblasts, as previously described (31) . The fibroblasts were used after the fifth passage.
I Labeling of HGF
Carrier-free HGF was radioiodinated by modifications of the procedure of Lyon and colleagues (25) . Briefly, 5 g of recombinant human HGF was adsorbed to a 150-l suspension of heparin-agarose in 0.5 M NaCl, 20 mM sodium phosphate, pH 7.0. Na l25 I (0.25 mCi) was added, followed by 50 l of 0.1% (wt/vol) chloramine-T in 0.5 M NaCl, 20 mM sodium phosphate, pH 7.0. After 1 min, an additional 50 l of chloramine-T solution was added. One minute later, the gel suspension was transferred to a small disposable column and washed extensively with 0.5 M NaCl, 20 mM sodium phosphate, pH 7.0, to remove all free l25 I. Bound l25 I-HGF (1,200-3,000 dpm/fmol) was then step-eluted with a small volume of 1.5 M NaCl, 20 mM sodium phosphate, 2 mg/ml BSA, pH 7.0, and stored at Ϫ20ЊC until used. The integrity of the l25 I-HGF was confirmed by SDS-PAGE and autoradiography.
Preparation of ECM-Coated Culture Plates
ECMs were generated by NIH3T3 cells using the method of Cukierman (32) . Briefly, NIH3T3 cells were added to 24-well plates and incubated for 5-7 d past confluence in DMEM, 10% FCS, antibiotic/antimycotic, and 50 g/ml L-ascorbic acid. Cells and soluble proteins were removed by incubation for 5 min in 0.5% Triton X-100 plus 20 mM NH 4 OH at room temperature, followed by four washes in PBS. For the experiments testing the effects of added plasminogen, matrices were also incubated for 2 h at 37ЊC with 5 mM PMSF to minimize residual serine protease activity within the matrices.
Binding and Release of 125
I-HGF from NIH3T3-Derived ECM
ECMs were incubated with 10 or 50 ng/ml 125 I-HGF for 2 h at 4ЊC in PBS. After extensive washing, the labeled matrices were immediately used for experiments. To detect inhibition of l25 I-HGF binding by soluble heparin, ECMs were incubated for 2 h at 4ЊC with 10 ng/ml of 125 I-HGF and various concentrations of heparin. Unbound 125 I-HGF was removed by repeated washing, after which the ECMs were solubilized with 5 M guanidine HCl and radioactivity was measured using a ␥ counter (PerkinElmer, Boston, MA). To measure release of HGF from ECM, serum-free DMEM containing various reagents or cell types were added to wells containing l25 I-HGF-labeled matrices. After incubation for various times at 37ЊC, media were collected and their radioactivity measured in a ␥ counter. The amount of radioactivity released from ECM when incubated with DMEM alone was subtracted as background.
Analysis of Released HGF
The molecular weights of the radiolabeled HGF that was released from ECM were analyzed by SDS-PAGE run under reducing conditions followed by autoradiography. To measure HGF bioactivity, an MDCK scatter assay was used (33) . One hundred MDCK cells were added to each well of a 96-well plate and incubated for 4 d in DMEM with 10% FBS. The attached colonies were washed, and media from the HGFrelease experiments were added. DMEM alone or containing 50 ng/ml recombinant HGF were added to a set of wells as negative and positive control conditions, respectively. To verify that the scatter activity observed in conditioned media was caused by HGF, 10 g/ml of neutralizing anti-human HGF antibody was used. As an isotype-matched control antibody, normal goat IgG was used. After overnight incubation at 37ЊC, the cells were stained with 0.5% crystal violet in 50% ethanol for 10 min. Photographic images were digitally captured (Spot RT Slider camera and software; Diagnostic Instruments, Sterling Heights, MI) and the percentage of scattered colonies to total colonies in each well was determined. A colony was counted as "scattered" if the colony contained more than ten cells and half of them had lost contact with their neighbors and exhibited a fibroblastic phenotype (33) .
Activation of Endogenously Produced HGF by NIH3T3 Cells or Mouse Lung Fibroblasts
NIH3T3 cells (1 ϫ 10 5 cells/well) were plated on 24-well tissue culture plates and incubated in DMEM, 10% FBS, 50 g/ml ascorbic acid, with or without 20 g/ml leupeptin, for 7 d. Media were changed every 2-3 d. To evaluate the activation state of HGF, conditioned media were collected and analyzed by SDS-PAGE followed by Western blot. To test the effects of plasminogen and plasmin on HGF activation, cells were cultured for 7 d with leupeptin, after which the cells were washed with PBS. Serum-free DMEM was added containing various concentrations of plasminogen or plasmin and with or without 20 g/ml ␣ 2 -antiplasmin or 10 g/ml aprotinin. After 24 h, media were collected and 20 l of 50% slurry of heparin-agarose was added to concentrate the HGF.
To evaluate the ability of primary lung fibroblasts from WT, uPA Ϫ/Ϫ , and PAI-1 Ϫ/Ϫ mice to activate HGF, cells (5 ϫ 10 5 cells/well) were plated onto 6-well tissue culture plates and incubated in DMEM, 15% FBS, 50 g/ml ascorbic acid, with 20 g/ml leupeptin, for 7 d. The cells were washed with PBS, and media were changed to serum-free DMEM containing 10 g/ml plasminogen or 370 mU/ml plasmin (a concentration that is equivalent to 10 g/ml plasminogen after full conversion). After 12 h, media were collected and added to heparin-agarose. The media-heparin-agarose mixtures were incubated at 4ЊC for 12 h with gentle rolling. After centrifugation and washing the heparin-agarose three times with PBS, SDS sample buffer (2% SDS, 50 mM dithiothreitol, 10% glycerol, and 0.1% bromphenol blue in 62.5 mM Tris HCl, pH 7.4) was added and the mixture placed in a 100ЊC water bath for 5 min. The samples were separated by SDS-PAGE, and the protein bands were transferred to a polyvinylidene fluoride membrane (Immobilon; Millipore, Bedford, MA). Blots were incubated with goat primary antibodies against HGF␣ diluted 1:500 in blocking solution for 1 h at room temperature, followed by incubation for 1 h at room temperature with rabbit anti-goat horseradish peroxidase-conjugated secondary antibody at a 1:5,000 dilution. Proteins were visualized after incubation of the blots in Western blot chemiluminescent substrate (Pierce Biotechnology, Rockford, IL), according to the manufacturer's protocol, and exposure to Hyperfilm (Amersham Bioscience, Buckinghamshire, UK). The densities of the pro-HGF and ␣-chain HGF were compared by densitometric analysis using Scion Image software (Scion Corporation, Frederick, MD).
Statistical Analysis
All values are shown as means Ϯ SEM. The significance of differences between groups was assessed using ANOVA followed by Tukey's multiple comparison test for pairwise comparisons. Analyses were performed using Prism software (GraphPad Software, San Diego, CA), accepting a P Ͻ 0.05 as statistically significant.
RESULTS
I-HGF Binding to ECM and Release by Plasmin
To study the binding and release of HGF, ECMs were generated by NIH3T3 cells, after which the cells and soluble proteins were removed by treatment with Triton X-100 and NH 4 OH. The cellfree ECMs were then labeled with 125 I-HGF. To demonstrate that HGF was binding to ECM via heparan sulfate moieties, soluble heparin was added to the wells during the labeling period to compete with ECM binding sites. Figure 1A demonstrates that heparin was able to inhibit 125 I-HGF binding to the ECM at concentrations known to block HGF binding to heparan sulfate (34) . NaCl (2 M) was also able to elute 125 I-HGF from the ECM (data not shown). To assess the release of radiolabel from the ECM, the amount of 125 I-HGF in the media was measured at various times. Incubation with DMEM alone led to the release of a small amount of radioactivity ( Figure 1B ). This release was considered background and subtracted from the results of subsequent experiments. Treatment of the labeled matrices with 10 and 100 mU/ml plasmin resulted in an increased release of bound radiolabel into the media in a dose-and time-dependent fashion ( Figure 1B) . 
Release of 125 I-HGF from ECM by NIH3T3 Cells
To determine if cells were able to release HGF from ECM, fresh NIH3T3 cells were added to 125 I-HGF-labeled cell-free matrices in the presence of various concentrations of plasminogen. The amount of radiolabel released into the media after 6 h of incubation was measured. The addition of plasminogen or cells alone released small amounts of radiolabel from the ECM ( Figure  2A) ; however, when NIH3T3 cells (which are known to produce uPA [35] [36] [37] ) and plasminogen were combined, the release of radioactivity from the matrices increased in a plasminogen dosedependent fashion. Extending the incubation time of cells plus 10 g/ml plasminogen to 24 h caused release of greater than 90% of the bound radioactivity (data not shown).
To further assess the role of plasminogen activation in the release of HGF, ⑀-aminocaproic acid was used to inhibit plasminogen activation and plasmin activity (38) . Plasminogen and NIH3T3 cells were added to 125 I-HGF-labeled matrices in the absence or presence of ⑀-aminocaproic acid, and the release of radiolabel was measured after a 6-h incubation ( Figure 2B ). As shown previously, plasminogen or cells alone caused a small release of radiolabel into the media. ⑀-Aminocaproic acid inhibited the plasminogen-mediated release, but did not affect the amount of growth factor released by cells alone. Importantly, ⑀-aminocaproic acid inhibited the synergistic effect of cells and plasminogen in a dose-dependent fashion.
Characterization of the HGF Released from ECM by NIH3T3 Cells
To determine if the radioactivity released into the media by the NIH3T3 cells represented intact HGF rather than degraded peptides, supernatants from matrices exposed for 5 h to DMEM with or without 10 g/ml plasminogen and/or 2 ϫ 10 5 NIH3T3 cells were separated by SDS-PAGE under reducing conditions. The resulting bands were visualized by autoradiography ( Figure  3A) . A control sample containing the stock 125 I-HGF that was used to label the matrices was included ( Figure 3A I-HGF-labeled ECM to DMEM alone revealed no radioactive bands in the media after incubation for 5 h. ECM exposed to plasminogen or 3T3 cells alone released radioactive material that migrated in bands similar to the stock 125 I-HGF. In accordance with our previous results, the intensities of the bands were greatest from ECM that was exposed to both cells and plasminogen.
To determine if the released HGF retained biological activity, an MDCK scatter assay was used. Matrices were prepared, labeled with HGF, and then incubated with 10 g/ml plasminogen and/or 2 ϫ 10 5 NIH3T3 cells. After 5 h, the media were transferred to wells containing compact colonies of MDCK cells, and the amount of colony scattering measured after overnight incubation. DMEM and recombinant HGF (50 ng/ml) were used The left lane contains a sample of the stock 125 I-HGF used to label the matrices. The autoradiogram is representative of the pattern of results seen in three separate studies. (B ) HGF released from ECM by fibroblasts/ plasminogen is biologically active. ECMs were labeled with 50 ng/ml HGF and incubated with media alone (media) or 10 g/ml plasminogen (Plg) and/or 2 ϫ 10 5 NIH3T3 cells (3T3) for 5 h. Conditioned media (100 l) were transferred to wells in a 96-well plate containing compact colonies of MDCK cells. Serum-free DMEM (Bkgd) or DMEM containing 50 ng/ml recombinant HGF (rHGF) were added to a set of wells as negative and positive control conditions, respectively. To verify that scatter activity depended on HGF, neutralizing anti-human HGF antibody (anti-HGF) or isotype-matched control antibody (iso) were used. After overnight incubation at 37ЊC, the percent of colonies that showed scattering were measured for each well. Values are means Ϯ SEM (n ϭ 3). The figure is representative of three independent experiments. Connecting lines between designated groups indicate statistically significant differences (*P Ͻ 0.01, **P Ͻ 0.001). Anti-HGF antibody blocked the scatter activity generated by fibroblasts plus plasminogen and by recombinant HGF (P Ͻ 0.001).
as negative and positive controls, respectively ( Figure 3B ). Media conditioned by exposure to HGF-labeled ECM for 5 h contained no detectable scatter activity. Plasminogen or cells alone released small amounts of scatter activity; however, the combination of cells and plasminogen had a synergistic effect on the release of scatter activity in condition media. The scatter activity generated by fibroblasts and plasminogen was inhibited by 10 g/ml of an anti-HGF neutralizing antibody.
Release of 125 I-HGF from ECM by Mouse Lung Fibroblasts
To further evaluate the role of plasminogen activation on the release of 125 I-HGF from ECM, fibroblasts were isolated from the lungs of WT, uPA Ϫ/Ϫ , and PAI-1 Ϫ/Ϫ mice, and 5 ϫ 10 4 cells were plated onto radiolabeled matrices in the absence (control) or presence of 10 g/ml plasminogen. After 10-h incubation, media were collected, and the amount of radioactivity was measured (Figure 4) . Fibroblasts from WT mice released an increased amount of radiolabel above background (P ϭ 0.03). The level was increased further when plasminogen was present in the culture environment (P Ͻ 0.001). Cells from uPA Ϫ/Ϫ mice also released a small amount of radiolabel, but the further addition of plasminogen had no incremental effect (P Ͼ 0.05). Finally, fibroblasts from PAI-1 Ϫ/Ϫ mice caused a small release of radiolabel (P Ͻ 0.002) that was greatly accentuated with the addition of plasminogen (P Ͻ 0.001).
Activation of Endogenously Generated HGF
Commercially available sources of recombinant HGF are not well suited for studying processes involved in its activation because a high proportion of the HGF has already been cleaved to the active disulfide-linked heterodimer. An alternative approach was therefore taken, in which NIH3T3 cells or mouse lung fibroblasts were allowed to generate their own HGF in a manner that maintained the majority of HGF in the single-chain, pro-HGF conformation. This was accomplished by adding to the culture media the protease inhibitor leupeptin, which blocks an enzyme, HGF activator, which is present in bovine plasma and is activated by thrombin during FBS processing (39) . The amount of HGF in the pro-and active form could then be assessed by Western analysis using an antibody that recognizes an epitope on the ␣-chain. Under reducing conditions, the larger pro-HGF can be easily distinguished from the smaller cleaved ␣-chain. If leupeptin is not added to the serum-containing media used during NIH3T3 monolayer formation, the majority of HGF is in the activated form, as indicated by the dominance of the ␣-chain band ( Figure 5A ). On the other hand, after 7 d in culture in the presence of leupeptin, the majority of the HGF is in the pro-HGF form.
To determine if NIH3T3 cells could activate pro-HGF using plasminogen, 7-d monolayers were washed and incubated in serum-free, leupeptin-free media containing various concentrations of reagent plasminogen or plasmin. After 24 h, conditioned media were collected and equal volumes were analyzed by SDS PAGE and immunoblotting ( Figure 5B ). In the absence of added 5 cells/well) were plated into 24-well tissue culture plates and incubated in 10% FBS/ DMEM containing 50 g/ml of ascorbic acid with 20 g/ml leupeptin. After 7 d in culture, cells were washed with PBS and media were changed to serum-free, leupeptin-free DMEM containing various concentrations of plasminogen (B ) or plasmin (C ) Ϯ 20 g/ml ␣ 2 -antiplasmin or 10 g/ml aprotinin. After 24 h, conditioned media were collected and subjected to SDS-PAGE, followed by immunoblotting for HGF. The data displayed are representative of results from three independent experiments. plasminogen or plasmin, the majority of the HGF released into the media was in the pro-HGF form. Addition of plasminogen or plasmin caused activation of pro-HGF in a dose-dependent manner, as indicated by the accumulation of ␣-chain. Inclusion of aprotinin (inhibitor of serine proteases) or ␣ 2 -antiplasmin (inhibitor of plasmin, but not plasminogen activators at the concentration used [40] [41] [42] ) blocked the effect of plasminogen or plasmin on HGF activation.
To evaluate the role of uPA in HGF activation, 5 ϫ 10 5 lung fibroblasts from WT, uPA Ϫ/Ϫ , and PAI-1 Ϫ/Ϫ mice were added to wells and grown for 7 d in media containing serum and leupeptin. When cultured for another 24 h in serum-free and leupeptinfree media, the HGF generated by all 3 genotypes was found to be partially activated ( Figure 6A , representative of duplicate experiments). The addition of plasmin caused the majority of the pro-HGF to be activated, regardless of genotype. When plasminogen was added to the fibroblast cultures, the increase in pro-HGF activation by PAI-1 Ϫ/Ϫ cells was greater than the increase induced by plasminogen in the WT fibroblast cultures. In fact, the level of activation of HGF by PAI-1 Ϫ/Ϫ fibroblasts rivaled that achieved by the addition of plasmin. In marked contrast, there was no plasminogen effect on uPA Ϫ/Ϫ fibroblasts. In particular, addition of plasminogen to uPA Ϫ/Ϫ fibroblasts caused no increase in pro-HGF activation above that which was , and PAI-1 Ϫ/Ϫ mice were placed into 6-well tissue culture plates and incubated for 7 d in 15% FBS/DMEM containing 50 g/ml ascorbic acid with 20 g/ml leupeptin. The monolayers were washed with PBS, and media were changed to serum-free DMEM (cont) containing 10 g/ml plasminogen (Plg) or 370 mU/ml plasmin. After 24 h, equal volumes of conditioned media were collected and subjected to SDS-PAGE under reducing conditions, followed by immunoblotting for HGF. (B ) Bar graph showing the density ratio of ␣-chain HGF to pro-HGF for the three genotypes, with and without plasminogen, as displayed in (A ).
induced by cells incubated in media alone. We note that the combined densities of the bands in the WT genotype lanes were less than those in the uPA Ϫ/Ϫ and PAI-1 Ϫ/Ϫ lanes. This is because, in this experiment, the monolayer cell density of the WT fibroblasts was less than that of the other two genotypes, and equal volumes of conditioned media were analyzed. To semiquantify the results, the ratios of densities of the ␣-chain HGF to pro-HGF are shown in Figure 6B .
DISCUSSION
We and others have consistently observed that enhancement of plasminogen activator activity reduces the amount of fibrosis that follows lung injury. The experimental approaches used to increase plasminogen activation in the lung have included use of PAI-1 Ϫ/Ϫ mice (8), delivery of uPA protein directly to the lung (14, 43) , delivery of uPA genes using adenoviral vectors (9) , and use of a transgenic mouse with doxycycline-inducible uPA activity expressed exclusively within the lung (11) . In each situation, the lungs were relatively protected from bleomycininduced fibrosis. We also reported that a polymorphism in the human PAI-1 promoter that is associated with higher PAI-1 expression and, by implication, less plasminogen activator activity, was more frequent in patients with nonspecific interstitial pneumonia than in control populations (44) . Other groups have reported that BAL fluid from patients with interstitial lung diseases have suppressed plasminogen activator activity due to upregulation of PAI-1 (3).
Our initial hypothesis on the protective effects of plasminogen activator activity on pulmonary fibrosis had been that the efficient generation of plasmin allowed for accelerated clearance of accumulated extravascular fibrin in both acute and chronic lung injury (45) . By speeding removal, fibroblasts would have less opportunity to invade the fibrin-rich provisional matrix and lay down collagenous scars (46) . This hypothesis was severely challenged, however, when we and another research group found that mice genetically deficient in circulating fibrinogen still developed considerable lung scarring after bleomycin administration (12, 13) . This caused us to consider a much broader range of possible mechanisms by which the plasminogen activation system reduces fibrosis.
Multiple connections between the plasminogen activation system and HGF motivated us to conduct the present studies. First, the HGF molecule is homologous to plasminogen in that both have an amino-terminal loop, several kringle domains (plasminogen 5, HGF 4), and a serine protease domain (15) , the latter of which is proteolytically inactive in HGF due to changes in active site amino acids. Both plasminogen and HGF are synthesized and released extracellularly as single-chain, inactive proteins that require proteolytic cleavage for activation at a homologous Arg-Val peptide bond. For HGF, the proteases that have been shown to accomplish this are HGF activator (47) , kallikrein (48) , factor XIa (48), factor XIIa (47), matriptase (49) , and the plasminogen activators, tPA and uPA (28, 39) . Depending on the biological context, each of these activating proteases may have biologically relevant roles.
In the lung, HGF has been shown to increase alveolar epithelial cell proliferation and migration, and human studies have revealed that HGF expression is increased in response to a variety of lung injuries (16) . Similar changes occur in animal models, including bleomycin-induced pulmonary fibrosis (23, 50) . This increase in HGF expression is not an epiphenomenon, but is intimately linked to the repair process. Blocking HGF by inhibitory antibodies worsens lung fibrosis after bleomycin administration (14) . Elevation of HGF levels by its exogenous delivery (22, 23) or by gene transfer (24) reduces the amount of fibrosis that occurs after lung injury. This antifibrotic effect is not unique to the lung, but occurs in other organs, including liver (51), kidney (52, 53) , skin (54) , and heart (55).
Once secreted, HGF binds avidly to heparan sulfate moieties of proteoglycans that are contained in the ECM (25) . To activate the HGF receptor, c-met, on neighboring lung cells, HGF must be released from its sites of sequestration. Proteolytic digestion of proteoglycans has been shown to release other growth factors that bind to them (e.g., basic fibroblast growth factor [30] ). Evidence suggesting that this phenomenon might be important for HGF comes from in vivo studies using the bleomycin mouse model (14) . Increased plasminogen activator activity within the lung was found to be tightly associated with increased levels of free HGF within BAL fluid. In particular, after bleomycin administration, HGF protein levels were higher in BAL fluid from PAI-1 Ϫ/Ϫ mice compared with that from WT mice, whereas total lung HGF protein and mRNA were unaffected by PAI-1 status. This increase in BAL HGF was suppressed by administering tranexamic acid, which inhibits plasminogen activation and plasmin activity, and increases collagen content in bleomycinexposed PAI-1 Ϫ/Ϫ mice (12) . This increase in BAL HGF was likely important in promoting lung repair, because administration of an anti-HGF neutralizing antibody worsened fibrosis in the lungs of bleomycin-injured PAI-1 Ϫ/Ϫ mice (14) . To elucidate the mechanism by which plasminogen activation can influence BAL HGF levels, we now present direct evidence that plasminogen activation releases HGF from the ECM. First, fibroblast-mediated release of HGF was greatly potentiated by the presence of plasminogen in the culture environment. Fibroblasts are known to produce plasminogen activators (35) (36) (37) . Second, exposure of ECM to reagent plasmin leads to HGF release. Third, the addition of ⑀-aminocaproic acid, an inhibitor of plasminogen activation and plasmin activity, blocked HGF release. Fourth, fibroblasts from uPA Ϫ/Ϫ mice did not show a plasminogen-induced increase in HGF liberation. Conversely, fibroblasts from mice deficient in PAI-1, a major inhibitor of plasminogen activation, released more HGF from ECM than did fibroblasts from WT mice. This pattern of results is parallel to what was seen in vivo, where manipulations of the plasminogen activation system influenced the concentration of HGF found within BAL fluid in mice (see above and Ref. 14) . In this respect, the previously published in vivo studies demonstrate the biological relevance of our in vitro studies.
Our studies also show that plasminogen promotes pro-HGF activation. To study this phenomenon, an experimental system was needed to generate HGF so that the majority of it was in the inactive, pro-HGF form. Because FBS contains a protease that artifactually activates pro-HGF during cell culture, the monolayers were grown with leupeptin in the media to inhibit the activating enzyme (39) . The leupeptin was then removed and the monolayers studied in serum-free media. Using this system, our results show that NIH3T3 and mouse lung fibroblasts activate pro-HGF in a fashion that is significantly enhanced by plasminogen. Direct addition of plasmin accomplishes the same effect. ␣-2-Antiplasmin, which inhibits plasmin but not uPA (40) (41) (42) , reduced pro-HGF activation. Plasminogen added to uPA Ϫ/Ϫ fibroblasts did not enhance pro-HGF activation, whereas the addition of plasminogen to PAI-1 Ϫ/Ϫ cells greatly increased activation. It is notable that some background activation of pro-HGF occurred in the absence of plasminogen or uPA. It is likely that one or more of the previously mentioned HGF activating enzymes are responsible.
There has been uncertainty as to whether plasmin can directly activate pro-HGF. Three research groups have reported that the dominant effect of plasmin was to degrade HGF to inactive fragments (39, 47, 56) . In contrast, another group reported that plasmin treatment of conditioned media from cells transfected with an HGF expression plasmid generated increased HGF-like activity in a bioassay (57) . We also found that high concentrations of plasmin extensively degrade pro-HGF (data not shown). However, our data clearly demonstrate that addition of plasmin to cell cultures at lower concentrations cleaves pro-HGF to its dimeric form. The possibility still exits, however, that plasmin does not directly activate pro-HGF but, rather, activates another latent protease present in the cell culture, which in turn activates pro-HGF. At present, no such plasmin-activatable enzyme that activates pro-HGF has been described.
Although high concentrations of uPA can activate pro-HGF directly in a stoichiometric fashion (28, 29) , it is unlikely that uPA is the direct pro-HGF-cleaving enzyme in our system. First, the amount of reagent two-chain (active) uPA that must be added to activate pro-HGF in our system (in the absence of plasminogen) is considerably greater than what is generated by the NIH3T3 or murine lung fibroblasts (data not shown). Second, addition of plasmin to uPA Ϫ/Ϫ fibroblasts caused pro-HGF activation, which would not have occurred if uPA was directly responsible for its activation. It is therefore likely that the role of uPA in our system is to activate plasminogen to plasmin, which then has downstream effects to promote HGF release and activation.
Our choice to use NIH3T3 for part of our study is appropriate because matrices formed by these cells contain many of the same macromolecular components found in lung interstitium (58) in- Proposed mechanisms by which the plasminogen activation system modulates lung fibrosis. uPA produced by lung fibroblasts converts plasminogen to plasmin. The amount of plasmin generated depends upon the relative amounts of uPA and its inhibitor, PAI-1. The plasmin in turn, directly or indirectly, (1 ) releases HGF from its binding sites on heparan sulfate proteoglycans contained within the ECM, and (2 ) activates it. Although uPA can directly activate HGF, this process appears to be minor compared with the plasmin pathway. HGF once released and activated contributes to lung repair and prevention of fibrosis.
cluding types I, III, and IV collagens, fibronectin, laminin, and the heparan sulfate-containing proteoglycan, perlecan (32, (59) (60) (61) . Importantly, the basic findings from our NIH3T3 cells were confirmed using primary cultures of mouse lung fibroblasts and were parallel to what was found in the in vivo mouse bleomycin studies (14) .
In summary, we have demonstrated that fibroblasts activate pro-HGF and release it from sequestration sites in the ECM by converting plasminogen to plasmin (Figure 7 ). Because increased active HGF lessens fibrosis after lung injury, our results support the conclusion that one mechanism by which the plasminogen activation system can reduce pulmonary fibrosis is through its capacity to enhance the effects of HGF.
